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We calculate self-consistently, the mutual dependence of electron correlations and electron-defect scattering
for a two-dimensional electron gas at finite temperature. We employ a Singwi, Tosi, Land, aadd8jo
approach to calculate the electron correlations, while the electron scattering rate off Coulombic impurities and
surface roughness is calculated using self-consistent current-relaxation theory. The methods are combined and
self-consistently solved. We discuss a metal-insulator transition for a range of disorder levels and electron
densities. Our results are in good agreement with recent experimental obsen|&@#&3-18209)00511-1

In recent experiment$ on two-dimensional electronic the high electron density limit, the electron correlations are
systems in zero-magnetic field, a well-defined metal-very weak and the localization should be of the Anderson
insulator transition has been observed. The transition contraype. Between these two extremes, disorder and correlations
dicts the predictioh that two-dimensional electron systems compete with each other to decide the nature of the localiza-
are always localized in the presence of any disorder. Théon.

mobility is large at the transition poinfu>1 n?/Vs). For In this paper, we examine the interdependence of correla-
such high mobilities the scattering off defects is weak andions and defect scattering at finite temperatures. We use the
the correlations between electrons are significant. self-consistent formalism of Singwi, Tosi, Land, and

Both disorder and correlations by themselves can lead t&jolandeP (STLS) to treat electron-electron correlations,
at least two different types of localization. In the presence ofwhile for the electron-defect scattering we use a memory
disorder, Abrahamst al® showed that noninteracting elec- function approachto calculate the decay time of the density
trons in two dimensions cannot sustain static conductivity ndluctuations from scatterings off defects. Previous calcula-
matter how small the level of disorder is. On the other handtions of the influence of disorder have either used the first-
if there are strong correlations between the charge carrieorn approximation or else they have introduced an adjust-
this can cause a different type of localization in disorder-freeable parametety for the electron scattering rate from the
systems, which is associated with Wigner crystallizafiom.  disorder. In these approaches the scattering rate is not af-
real systems there are both electron-electron and electroffiected by correlations, while the two effects are in fact inter-
impurity interactions. With weak disorder and in the low dependent and should be self-consistently linked.
electron density limit, the electron-electron interactions For interacting carriers the linear response function is
should dominate leading to Wigner crystallization, while in given by the random-phase approximati®PA). In this ap-
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proach, the Coulomb correlations between the carriers is ' ' ' '
completely neglected. Many-body interactions modify the P

strength of the static Coulomb potenti&{q) = 2we?/qge. In 10t ' 22

the STLS formalism, the many-body correlations are taken I 0.22
into account by introducing a static local fie@®(q). In the
RPA expression for the response function, the bdtq) 08 - ]
=2me?/qe is replaced by(q)[1—G(q)], and the response
function becomes g 06 L

x9(q,)
)= , (1) 0.4 | i
M) N - 6@ O (q @)

where y(9)(q,w) is the two-dimensional dynamical suscep- g2 | |
tibility for noninteracting electrons. We assume only the
lowest energy subband is occupied.

We consider scattering from disorder that consists of a 0 1 5 3 4
random distribution of Coulombic impurities of density ark-
and interface surface roughness. The effect of disorder is to
damp the charge-density fluctuations and this modifies FIG. 1. Local-field factorG(q) for different impurity densities
the response function. Damping Changggm(q,w) to (in units of 10** cm ). The impurities are separated from the

¥9(q,w) given by carrier plane byd=5ag. Carrier density is1,=35x 10" cm™2.
© x2(q,0+iy) trons in the Si metal-oxide semiconductor field-effect tran-
x¥(q,0)= qotin] (2)  sistor (MOSFET'S we include interface surface roughness
_ _{1— X \Q.erly scattering Wy, (q) = VmAAT(q) exp(— (qA)%/8). Values
w+ly| x9(q) for the parameters\=0.37 nm andA=2.0 nm are taken

from Si MOSFET datd! ForI'(q) we use the expression in

In Eq. (2), the strength of the damping is represented by thef-?ef. 12. For GaAs surface roughness scattering is much
scattering ratey. At zero temperature in the diffusive regime smaller and we stV {q)=0
suri .

( ) _ . .
X°(0, ) (Qfd“‘:es to Ehe well ';”OW’; dlffuszlve_ form In the STLS formalism, the density-density correlation
im,, g0 x7(0,0) = (2mM°) [ (7keh)(DA") [(PG" +iw), o oo isa o shir 1) i imated by th i
hereD—v2/v is the diffusi tant. In the limit wh unction{sn(r,t) dn(r’,t)) is approximated by the nonlinear
WRETEZ=" gl v 18 " dITUsion constant. n ine imit when roductén(r,t) X g(r—r’)xén(r’,t). The én(r,t) are ex-
goes to infinity the system becomes nondiffusive. This repp X 1) g _ o SN )
pectation values angi(r) is the pair-correlation function giv-

;:F;gfjsti It?](;alrzgg”ﬁ;i@:f(l;q ;??Va:g?eeme*xg?ﬁzlzzgz_ ing' the probabilit;i 1of fi2r1ding electrons a distan.ceapart.

tive mass. Using g(r)=1+n_" [ d°qexp (q-r)[S(q) —1], this gives
Within the memory-function formalisthdeveloped for US & r_elation between the static structure fa&ar) and the

electron scattering from disordhe scattering rate can be ~ 10cal-field factorG(q),

determined from the imaginary part of the force-force relax-

ation function in the limit ¢, w)—0. v is expressed in terms '

of the carrier-disorder potential and the relaxation spectrum

bo(a,iv) =(LiY[x(q,iy)—x?(a)] for noninteracting

carriers scattering off the disorder, 08 -
== 3 [ Uil D)+ (W D[] ol

2m*n.a  €(q)? : - TMe= 1\
$o(d,iy) 0.4 r

_ hold , @3
1+iyo(a,iv)/xO(q)

wheren, is the carrier density. The carrier-disorder potential 0.2
is written in terms ofU;,,(q), which is the impurity poten-
tial and Wy, {q), which represents surface roughness scat-
tering at the interface. The screening of the disorder potentia ! ! :
is given by e(q)=1+V(q)[1—G(q)1x¥(g). The G(q) 2 (10,2‘2m-2) 60
takes into account correlations in the disordered system. °

We take Uimp(q)=[(2me®)/(eq)] exp (—qd)Fi(q) for FIG. 2. Scattering rate for Si as a function of electron density
monovalent Coulomb impurities that are in a layer separated, for impurity density 0.5 10 cm~2. Separation of the impurity
from the electron or hole plane by distarité/NVe use for the layer isd=a}. Curves are for temperatur@glabels are in units of
impurity form factorF;(q) Eq. (4.28 in Ref. 10. For elec- the Fermi temperatur& for densityn,).
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FIG. 3. Scattering ratg for Si atT=0 as a function of electron
densityn,. Curves are labeled for different impurity densitiedin

units of 13* cm™2). Impurity separatiord=>5a.

1 d’k (g-k) V(k)
=k

=0 2me @ V(@

where S(q) =(n.m) " 1f5 dw Imx(q,w) is calculated from
the fluctuation-dissipation theorem, agdq,w) is our total

response function,

x(0,0)= )
1+ V(Q)[1-G(a) 1x®(q,)

Starting from a giveny and x®(q,w) we use STLS to
calculate the local fiel@(q) in the presence of the disorder.
We insert this ine(q) to determine a newy in Eq. (3), which
defines a new®(q,w) in Eq. (2), and the process recom-
mences. This is repeated until there is overall self-

[S(la—kh—-1], 4

FIG. 4. Phase diagram for holes in GaAs. Critical hole density
n, at which y=1 as a function of impurity layer separatiah
Impurity density isn;=22x 10" cm 2. The experimental data
point for GaAs is from Ref. 2.

decrease iy(® as the scattering ratg gets biggefEq. (2)].
EnhancingG(q) weakens the effective interaction between
the carriers, and hence weakens the screening of the carrier-
impurity potential. The net result of enhancifg{q) is thus

to strengthen the effect of the disorder potential. This in turn
further increases. At a critical level of disorder this non-
linear feedback causeg to increase rapidly and diverge.
This leads to localization of the carriers.

We see this nonlinear behavior in Fig. 2. At a certain
®) critical carrier density the scattering rajestarts to increase
rapidly. The impurity density here ig;=0.5x 10" cm™2,
with the impurities separated from the carrier plane by dis-
tanced=a; (the effective Bohr radiys The nonlinear in-
crease iny is due(i) to the enhancement of the local field
G(q), which strengthens the disorder potential, dng to
the rapid increase withy of the total relaxation spectrum

consistency. The temperature dependence in our calculation

enters throughy®(q,w). The equations are solved at finite
temperature for system parameters carrier demsifyimpu-
rity densityn;, and remote impurity spacer layer separation

d

Through x®(q,w), Egs.(4) and (5) build in the depen-

Metal Si
Insulator

dence of correlations on the defect scattering naté=qua-
tion (3) gives the dependence of on the correlations

_—~

o
T

=

through thee(q). Thus taken together, these equations give.”

us the mutual interdependence of correlations and the defec
scattering rate.
Figure 1 shows the dependence of the local-field factor

=]
Z 2+

®©
o

Metal

G(q) on the impurity concentration at zero temperature. In-

creasing the disorder enhandg$q). This is caused by the Insulator

TABLE |. Dependence on temperature of the critical carrier s
density for localization in Si. Impurity densityn;=0.5 0.0 02 = 0.4
X 10* cm™2. Impurities are embedded in the carrier plane. n(10" em™)

FIG. 5. Phase diagram for electrons in Si. Critical electron den-
sity n, at whichy=1 as a function of impurity density for separa-
tionsd=0 and ;. The experimental data points are taken from
Ref. 13.
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Bo(a,i Y)[1+iyedo(a,iy)/x©(a)] ! [see Eq(3)]. Figure 2 impurity density is fixed an;=0.5x 101 cm™2. We com-
also shows the dependencepbn temperature. The labels pare our results with the observation of the transition in Ref.
on the curves give the temperature in units of the Fermp in a GaAs sample. Our curve is consistent with this mea-
temperaturel = Eg /kg for densityn,. The metal-insulator surement. The phase boundary is sensitivel toecause of
transition is observed at carrier densities that are relativelyhe exponential factor itJiyn,(q). This suppresses carrier-
low by conventional semiconductor standards so the Fermimpurity scattering for short wavelengtlos>d. For the re-
temperature can be of the order of a few degrees K. We findidual long wavelength scattering the correlations are always
v diminishes with increasing temperature. This reflects theveak. Thus, whedl is large the correlations play a relatively
weakening of the correlations at finife less important role in the localization.

In Fig. 3 we show the increase gfwith impurity density The phase diagram in Fig. 5 plots the critical electron
atT=0. The curve labels give; in units of 1¢* cm™2. The  density in Si at the transition as a function of impurity den-
impurity separation isl=5a;. As expected, increasing the sity n;. The impurity layer separations ace=0 and .
impurity concentration has the effect of increasing the scatWe also show experimental data points for the position of
tering rate. On the other hand, increasing the carrier densitghe transition in St> Again, our predicted phase boundary
has the opposite effect om because the correlations are agrees with these observations. On our curve the electron-
reduced. However, the nonlinear effects frompare much  impurity scattering becomes weaker as the critical electron-
stronger than the nonlinear effects fram density decreases. Thus at the transition point the electron

The metallic phase in the experimental systems is charaanobility will increase as the electron density decreases. This
terized by mean-free patH&r>1, while in the localized is consistent with observatiods?
phaselke<1. We take the localization boundary to be the We conclude that correlations and impurity scattering do
point wherelkg passes through unity. Table | gives for dif- mutually affect the localization transition. Finite tempera-
ferent temperatures the critical electron density at whichures tend to suppress correlations and this slightly reduces
Ike=1. When the system is at finite temperature the correthe critical carrier density for localization to occur by an
lations are reduced and one needs to go to slightly loweamount that becomes significant for temperatures of the or-

carrier densities before localization can be achieved. der of the Fermi temperature.
Table | shows the temperature dependence is quite small
and so we give metal-insulator phase diagramdfe0. The We acknowledge financial support from an Australian Re-

dependence of the hole density at the transition on the impwsearch Council grantJ.S.T) and the Italian INFM/Forum
rity layer separatiord for GaAs is shown in Fig. 4. The (L.L.).
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